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Two types of aminoketyl radicals and cation-radicals are distinguished by each'’s structure and reactiv-
ity. As proper aminoketyl radicals we denote the presumed intermediates of N—C, bond dissociations
induced by electron attachment to protonated peptides. These radicals have pyramidized aminoketyl
groups, —CoC*(OH)NH—, high spin density on the central carbon atom, and undergo facile N—C, bond
dissociations. The critical energies for N—C, bond cleavages in proper aminoketyl radicals are summa-
rized here and typically do not exceed 60 k] mol~! in peptide cation-radicals. In contrast, a different type
of intermediates, which we call improper aminoketyl radicals, is formed by collisional dissociation of
peptide cation-radicals, such as decarboxylation of z, fragments. Improper aminoketyl radicals have
near planar —C,C(OH)NH— groups, and the spin density is delocalized over several atoms adjacent to
the aminoketyl moiety. Improper aminoketyl radicals show higher transition energies for N—C, bond
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cleavage and undergo H-atom transfers resulting in side-chain losses.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Aminoketyl radicals, R—C*(OH)—NH—R, are transient organic
species that arise by hydrogen atom addition to amides, hydroxyl
radical addition to imines, or related radical additions. Aminoketyl
radicals are thought to play a role of reactive intermediates in DNA
and RNA damages due to redox and radical reactions involving
cytosine and uracil nucleobases, respectively [1]. Peptide-related
aminoketyl radicals have been invoked as reactive intermedi-
ates in backbone dissociations induced by electron attachment to
gas-phase ions produced by single or multiple protonation by elec-
trospray ionization [2]. Three amide-related aminoketyl radicals,
HC*(OH)NH, [3], CH3C*(OH)NH, [4], and CH3C*(OH)NHCH3 [5],
have been unequivocally generated in the gas phase from the cor-
responding cations of well-defined structures that were reduced
by femtosecond collisional electron transfer [6]. The interest in
aminoketyl radical stems from their reactivity, for the radical center
substantially weakens the adjacent O—H and N—Cbonds to undergo
homolytic dissociation. For example, the O—H and N—CH3 bond
dissociation energies (BDE) in CH3C*(OH)NHCHj3 have been calcu-
lated at high levels of theory to be 31 and 11 k] mol~1, respectively
[5], and involved energy barriers of 84-86 k] mol~! in the respec-
tive transition states (TS). These are substantially lower than the
typical homolytic BDE of O—H (430kJmol~') and N—CH3 bonds
(335kJmol~') in alcohols and amines [7]. Both the BDE and TS
energies further decrease when the departing C-based radical is
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stabilized by odd-electron delocalization in a conjugate m-system.
This feature is of a particular importance in dissociations of pep-
tide radicals and cation-radicals where N—C, bond dissociations
produce specific amide C, radical fragments that are the basis of
sequence analysis.

Scheme 1 illustrates N—C, bond dissociations in a cation-radical
produced by electron transfer to a doubly protonated model pen-
tapeptide AAHAL which forms N-terminal fragment ions (denoted
¢ ions) [2] and C-terminal fragment ions (z** ions). Although
experimental energy measurements are not yet available for dis-
sociations of charge-reduced peptides, TS and BDE have been
calculated for several N—C,, bond dissociations in peptide radicals,
cation-radicals, and related model amide systems (Table 1). We
call such aminoketyl radicals proper, because they share important
electronic and structural properties. One is the prevalent (>95%)
concentration of odd-electron density within the C*(OH)NH moiety,
with a major localization at the amide carbon atom [8]. The other
distinct property is the substantial pyramidization of the pertinent
carbon atom which, when expressed as the out-of-plane deflection
of the OH group from the plane defined by the C,, C*, and N atoms
(Cq—C—N plane), is typically 40-45° for proper aminoketyl radicals
[9].

Peptide radicals and cation-radicals have been of much recent
interest regarding the formation of various transient radical species
in crystals [10] and the gas phase [11,12]. Peptide radicals and
cation-radicals have been reported to undergo rearrangements by
hydrogen atom migrations. Thus, electron attachment to arginine
[13] and histidine containing peptide ions [14] has been found to
trigger hydrogen atom migrations onto these side-chain moieties.
Hydrogen atom migrations have been observed to occur between
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incipient ¢ and z backbone fragments [15] and involved alkyl side-
chain groups [16]. Hydrogen-deficient peptides generated by redox
reactions [17,18] and hydrogen atom abstraction reactions [19]
have also been reported to undergo hydrogen atom migrations.

In this context, recent studies of peptide cation-radicals, gener-
ated by methods other than direct electron attachment, revealed
another type of stable aminoketyl radicals that did not induce
N—C,, bond dissociations when they were subjected to collisional
activation [20]. The goal of this work is to analyze the proper-
ties and reactivity of selected representatives of what we call
improper aminoketyl radicals. The differences between the proper
and improper aminoketyl radicals will be highlighted by analyz-
ing their electronic properties and comparing their dissociation
energetics and kinetics.

2. Experimental
2.1. Methods

Peptides AHDAL and AHADL (95% pure) were purchased from
GenScript (Piscataway, NJ) and used as received. AHAAL (98%
pure) was purchased from NEO-Group (Cambridge, MA). Electron
transfer dissociation mass spectra were obtained on a Thermo
Fisher LTQ XL linear ion trap mass spectrometer equipped with
an electrospray ion source and a chemical ionization source for
the production of fluoranthene anion radicals. Peptide ions were
produced by electrospray from 5 to 10 wM solutions in 50/50
methanol-water containing 1% of acetic acid. Doubly charged
ions, (AHDAL+2H)?*,m/z 263.5, (AHADL+2H)**,m/z 263.5, and
(AHAAL +2H)?*, m/z 241.5, were accumulated in the ion trap and
selected by their mass to charge ratios. The mass selection win-
dow was 2 m/z units to include nearest 13C isotopologues. Electron
transfer dissociation was accomplished at 100 and 200 ms ion-ion
interaction time. z4-lons from ETD (m/z 439) were mass-selected
and collisionally dissociated (MS3). The ion excitation energy was
setat20-35%on the instrument scale. The decarboxylated z4 ions at
m/z 395 were mass selected and subjected to collisional activation
to yield the MS* spectrum reported here.

2.2. Calculations

Standard ab initio and density functional theory calcula-
tions were performed using the Gaussian 03 suite of programs
[21]. Geometries were optimized with the hybrid B3LYP func-
tional [22] using the 6-31+G(d,p) basis set. Initial guesses for
the cation-radical structures were taken from a previous study
[20]. Exhaustive conformational searches are currently not fea-
sible for cation-radicals because of the lack of a suitable force
field. Stationary points were characterized by harmonic frequency
calculations to identify local energy minima (all real frequen-
cies) and first-order saddle points (one imaginary frequency).

Additional sets of energies were obtained by single-point calcu-
lations using B3LYP and the Mpgller-Plesset perturbational theory
[23] (second order, frozen core) with the larger 6-311++G(2d,p)
basis set. Calculations on all open-shell species (radicals and
cation-radicals) used the spin-unrestricted formalism. Spin con-
tamination was quite modest in most cases and was treated by
Schlegel’s spin annihilation protocol [24]. The B3LYP and spin-
projected MP2 (PMP2) energies were averaged (B3-PMP2) to
compensate for small errors inherent to both approximations
according to the procedure reported previously [25]. Spin and
charge densities were calculated using Natural Population Anal-
ysis [26]. Unimolecular rate constants were calculated using the
Rice-Ramsperger-Kassel-Marcus (RRKM) theory [27] and employ-
ing a modified Hase’s program [28] which was recompiled for
Windows XP [29]. The RRKM rate constants were obtained by
direct count of quantum states at internal energies that were
increased in 2kJmol-! steps from the transition state up to
400Kk]mol~! above the reactant. Rotations were treated adiabat-
ically and the calculated microscopic rate constants k(E,J,K) were

Table 1
Calculated bond dissociation (BDE) and transition state (TS) energies for N—C, bond
dissociations in proper aminoketyl radicals.

Species Energy?

BDE TS Ref.
CH3C*(OH)NH—CH3 11 84 [5]
H,;NCH,CH,C*(OH)NH—CH3 23 95 [9b]
CH3C'(OH)NH_CH2CH2NH2 38 76 [8]
CH3C*(OH)NH—CH,CH,NH3"* 76 66 [8]
CH3C*(OH)NH—CH-Lys -12 42 [8]
H,NCH,C*(OH)NH—CH, CONH, —1(9)° 37-71¢ [8]
H3N*CH,C*(OH)NH—CH,CONH, 67" 40 [8]
H,NCH,C*(OH)NH—C,H-ArgH* 7-24b-¢ 5-52b.¢ [13]
Pro-C*(OH)NH—CH,COOH 18 52 [35]
Gly-Pro-C*(OH), —89d 504 [35]
H,NCH,C*(OH)NH—C,HPro —154 39d [35]
H,NCH, C*(OH)NH—C,HLysH* —39P 7-47b¢ [36]
H*LysCONH—C,HC*(OH),Lys —gb 40> [36]
H*GlyNH—C, *H(OH)NH,(CH,Ph) —25P 2b [30]
AlaC*(OH)NH—C,HAla-HisH"-Ala-Leu -€ 59 [32]
Ala-AlaC*(OH)NH—C,HHisH"-Ala-Leu -€ 42 [32]
Ala-Ala-HisH*C*(OH)NH—C,HAla-Leu - 33 [32]
Ala-Ala-HisH*-AlaC*(OH)NH—C,HLeu -€ 23 [32]
4 TS3 89b 95 g
4-TS4 43f 73 g
5—>TS5 164° 86 g

2 In units of kjmol-! from combined single-point B3LYP and PMP2/6-
311++G(2d,p) energies and including B3LYP/6-31+G(d,p) zero-point vibrational
energies.

b These dissociations involve stable ion-molecule complexes as intermediates.

¢ Energy ranges for different conformers.

d N—C, bond cleavage in the proline ring.

¢ BDE vary depending on the formation of amide or enolimine ¢ fragments.

f Reaction enthalpy for 4 — 4c.

€ This work.
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Fig. 1. Potential energy diagram for N—C, bond dissociations in (AAHAL + 2H)*

then Boltzmann-averaged over the thermal distribution of rota-
tional states at 298 K.

3. Results and discussion
3.1. Aminoketyl radicals by electron transfer

Fig. 1 shows a calculated potential energy diagram for an N—C
bond dissociation in a proper aminoketyl cation-radical from elec-
tron transfer dissociation of (AAHAL+2H)2*. Electron attachment
to the doubly charged ion forms a zwitterionic state of the cation-
radical (1) which can undergo an exothermic proton transfer
isomerization to aminoketyl cation-radical 2. This proton trans-
fer requires a very low TS energy (not shown in Fig. 1). Competing
with proton transfer in 1 is the N—C, bond dissociation through TS1
which is accompanied by proton transfer yielding the z4 fragment
ion (3) and alanine amide or enolimine as the neutral ¢; fragment.
The aminoketyl cation-radical 2 can form ion 3 by N—C, bond dis-
sociation through TS2. It should be noted that the reaction paths
from TS1 and TS2 involve ion-molecule complexes between ion 3
and the neutral alanine fragment. A few (c¢+z) ion-molecule com-
plexes have been characterized so far [30]; their general feature is
that as a rule they are more stable than both the aminoketyl reac-
tants and the separated ¢ and z fragments, and they can facilitate
isomerization of c-fragment enolimine groups to the much more
stable amide groups [31]. Fig. 1 illustrates structure 2 as a proper
aminoketyl cation-radical. It is pyramidized at the Ala; aminoketyl
carbon atom with the OH group at 42° out of the C,—C-N plane.
The aminoketyl group carries 92% of spin density out of which 75%
is at the carbon atom.

\ 2.068 _/-\.\
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* cation-radical. The relative energies are from combined B3LYP and PMP2/6-311++G(2d,p)
single point energy calculations and include B3LYP/6-31+G(d,p) zero-point corrections.

3.2. Aminoketyl radicals by ion dissociations

We now consider the reactions of two isomeric aminoketyl rad-
icals (4 and 5, Scheme 2) which are structurally different from
2. lon 4 was formed in three steps from (AHDAL+2H)2*. The
first step was electron transfer that induced a dissociation of the
N—C, bond between the Ala and His residues forming a z4 ion
(*HDAL*, Scheme 2) [32]. This ion was isolated and collision-
ally activated to eliminate CO, from the Asp residue forming ion
4. lon 4 is denoted as *HAAL*, where A stands for the decar-
boxylated Asp residue which is isomeric with an Ala residue. It
should be noted that of several reaction paths for the CO, elim-
ination from *HDAL"*, the one involving the Asp COOH group
and leading to 4 was found to be energetically and kinetically
preferred [20]. lon 5 represents a higher energy tautomer of 4
(AHg (4 — 5)=46 k] mol~!) which has an aminoketyl moiety at the
former His amide group, and is used here only for comparison of
their properties.

Collision-induced dissociation of 4 results in the formation of
two kinds of fragments (Fig. 2a). One series is due to losses of small
molecules and radicals, e.g., water (m/z 377), C3H7* (m/z 352), CO,
(m/z 351), C4Hg (m/z 339), and their combinations (m/z 333, 308,
295, etc.). The other series consists of N-terminal truncated b ions,
denoted here as th; (m/z 264) and tb, (m/z 193), that are formed by
amide bond cleavages, and backbone fragments at m/z220,210, and
203 (Fig. 2). Also of note is that the tbz and b, ions are accompanied
by tb; +1 and tb, +1 satellites indicating hydrogen atom transfers to
the charged fragments. The formation of the m/z 220 and 210 ions
is less clear, although it should be noted that these fragment ions
also appear in the CID spectra of zs and z4 ions from ETD-CID-MS3
of AHDAL, AHADL, AAHAL, and AHAAL peptide ions [20], and pre-
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sumably consist of truncated sequences after decarboxylation or
side-chain losses.

Two m/z 395 ions isomeric with 4 were generated by sep-
arate fragmentation sequences. lon 6a, denoted as *HAAL, was
produced from (AHADL+2H)?* by an ETD-MS? sequence analo-
gous to that for the formation of 4, e.g., (AHADL+2H)** — *HADL
(m/z439) — HAAL. lon 6b was produced as a regular z4 fragment by
ETD of (AHAAL +2H)?* and is denoted here as *HAAL. The CID spec-
tra of ions 6a and 6b (Fig. 2b and c, respectively) show very similar
fragment ions as does the CID spectrum of 4. The CID spectra are
dominated by ions due to radical-induced loss of C3H; and further
display fragments due to eliminations of water, CO,, C4Hg, combi-
nations thereof, and common b, and b, sequence ions at m/z 193
and 264, respectively. This overall similarity indicates that upon
collisional activation the formerly isomeric ions 4, 6a, and 6b inter-
converted by hydrogen atom migrations to a mixture of common
radical intermediates.

However, the CID spectra in Fig. 2 show neither a His-truncated
tc, fragment ion at m/z 209 from *HAAL nor a tc3 fragment ion at
m/z 280 from *HAAL that would be the expected products of N—C,
bond dissociations at the A residue in aminoketyl radicals 4 and 6a,
respectively. Hence, the lack of these fragments indicates that N—C,,
bond cleavage was competitive neither with the radical-induced
side-chain dissociations, nor with the charge-induced backbone
fragmentations of 4 and 6. The question is: why?

We address this question by analyzing the energetics of N—C,
bond cleavage in 4. Scheme 3 shows the optimized structure of 4
and select transition states for its dissociations and isomerizations.
Cation-radical 4 has a near planar enolimine system where the OH
group is only 0.8° out of the C,—C-N plane. Note that structure 4 has
a cis amide bond which is favorable for facilitating hydrogen atom
transfers along the peptide backbone [20]. The odd-electron den-
sity is delocalized among the Asp Cg carbon which carries 60% and
atoms of the aminoketyl group (40%). However, the spin density on
the central enolimine carbon in 4 is only 36% as opposed to proper
aminoketyl radicals where the central carbon atoms typically carry
>75% of spin density [9].

The N—C, bond dissociation in 4 requires 95kjmol~! in TS3
(Scheme 3). Although this TS energy is higher than those for proper

aminoketyl radicals (Table 1), it is still lower than the typical TS
energies for proton-induced backbone dissociations in peptide ions
(120-150 k] mol~1) [33]. The N—C,, bond dissociation through TS3
leads to an ion-radical complex 4a which is 32 k] mol~! above 4.

ETD cID
(AHDAL + 2H)** — 2z, P4 m/z 395 — CID CHy
s : 352
(a) H,0
= 41 (tcy) -0, et
g 351
Z 31 l CiHy
3 TE R = T ki
£ 27 th, 220
] 193 295
€, zm 533 (395)
I 308 l
. Il
0 L - s : A - 3
15 300 350 mz 400
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-CO
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€5 (e 351
2
@ 4
(=
2 3 . ¢ : -
[= T m 8 m %0 £ m
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£ 264 295 333 59
14 | 193 220 [ l
0 = T u T l T 1
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Fig. 2. ETD-CID-MS* mass spectra of the m/z 395 ions from (a) 4, (b) 6a, and (c)
6b. Insets show expanded m/z regions with putative ‘c; and ‘c3 sequence fragment
ions.
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Further dissociation of 4a to the putative fc, ion and z, radical
is substantially endothermic and the dissociation energy depends
on the fcy ion structure. The formation of a c, ion with an anti-
anti-enolimine group (4b), which correlates with TS3, requires
134 k] mol~!. Although the incipient product 4b can isomerize to
more stable enolimine or amide isomers in complex 4a [20], the
dissociation pathway is made unfavorable by the high energy in
TS3.

Instead of dissociating, cation-radical 4 can undergo competi-
tive H-atom transfers to the former Asp Cg methylene which shows
a pronounced radical character. One such rearrangement involves
H-transfer from the His Cy position through TS4 which requires
73 k] mol~! and convertsion4 to a*HAAL z4 isomer (4c). The 4 — 4c
isomerization is 43 kJ mol~! endothermic and thus reversible. The
higher stability of 4 compared to 4c¢ can be attributed to its pla-
nar CH,—C=C(OH)—N m-conjugated system which is replaced by a
shorter CH—CO—NH mr-conjugated system of 4c. Note that interac-
tion of the His and modified Asp (A) w-systems in both 4 and 4c is
hampered by unfavorable dihedral angles about the His-NH—Asp’-
Cq bonds which are 84° and 70°, respectively.

In addition to the 4 <> 4c isomerization, both cation-radicals can
undergo further H-atom migrations involving C,-H atoms of the Ala
and Leu residues, the COOH group and the Leu side chain. Although
we did not study all these rearrangements for 4 and 4c, a previous
investigation of H-atom migrations in z4 ions indicated that such
H-atom migrations are facile and lead to intermediates for elimina-
tions of CO,, C3H7, and C4Hg [20] which are the major dissociations
of 4 (Fig. 2).

The difference in the TS3 and TS4 energies is reflected in
the rate constants calculated by RRKM on the combined B3LYP
and PMP2/6-311++G(2d,p) potential energy surface (Fig. 3). The
rate constant for H-atom migration (kp,g) is consistently larger
than that for the N—C, bond cleavage (ky—c). Both rate con-
stants show a substantial kinetic shift to reach the value needed

kmig

5 ] s 100 150 E:'D;y ;JS:W, ,:)o: 360 400 kN—C
4 -

Ergs = 73 kd mol”
3
2 -
B o A
1 f{ j
'1 T T T T T T T

50 100 150 200 250 300 350 400 450

Energy (kJ mol™)

Fig. 3. RRKM rate constants (logk, s~!) of dissociations of 4 by N—C, bond dis-
sociation (TS3, kn—c, black open squares) and H-atom migration (TS4, kpig, blue
full circles). The dashed line is drawn at k allowing 95% dissociation on the 200 ms
experimental time scale. Inset shows the branching ratio for kn—c/kmig as a function
of internal energy. The arrow in the inset indicates the internal energy needed for
95% H-atom migration on the 200 ms time scale. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of this
article.)
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for 95% dissociation on the experimental time scale of 200 ms
(k=15s"1, log k=1.17), as indicated by a broken line in Fig. 3.
For kpg this occurs at 137Kk] mol~! reactant internal energy indi-
cating a 137-73 =64 k] mol~! kinetic shift. For ky_c this occurs at
194kJmol-! indicating a 194-95=99k]mol~! kinetic shift. The
inset in Fig. 3 shows the branching ratio for the two dissociations,
kn-c/kmig- At an internal energy where kpy,;; can account for 95%
reaction (137 k] mol~1), the RRKM calculated kn—c/kmig branching
ratiois 1 x 10~%. This is consistent with the CID spectrum of 4 which
shows no N—C,, bond cleavage to compete with dissociations trig-
gered by H-atom migrations.

The optimized structure of cation-radical 5 shows a pyramidized
aminoketyl group where the OH group is 48° out of the C,—C—N
plane (Scheme 4). The spin density is mostly (94%) confined in the
aminoketyl group. Thus, according to its geometrical and electronic
structure, cation-radical 5 is a proper aminoketyl radical. Despite
this feature, an N—C, bond dissociation of 5 requires a relatively
high-energy transition state in TS5 (86 k] mol~!, Table 1) and forms
an ion-molecule complex (5a) which is 40 k] mol~! less stable than
reactant 5 (Scheme 4). In this case, the resistance to N—C, bond
dissociation can be ascribed to the formation of a vinyl radical sys-
tem, CH,=C*—C(=0)—NH, in the neutral fragment 5b. Since this is a
o-radical, it lacks conjugation of the CH,=C* and C(=0)—NH groups
and hence the high energy for the product formation (164 k] mol~1),
as well as for the pertinent transition state (TS5).

It may be noted that the presence of some w—conjugated
groups in peptide ions has been reported to hamper N—C, bond
dissociations upon electron capture or transfer [13,14,34]. The
interfering groups had high H-atom affinities and were consid-
ered H-atom traps. The present data indicate that the conjugated
acrylic CH,=C—C(OH)—N system can also be considered an H-atom
trap. The data also indicate that competition between H-atom trap-
ping and N—C, bond dissociation is a kinetic not thermodynamic

effect. While the 4 — 4a dissociation is less endothermic than the
4 — 4c H-atom migration, the latter is preferred by its lower TS
energy. This feature indicates that studies of H-atom migrations
in peptide cation-radicals must address TS energies by theory and
experiment to provide a realistic picture of competing fragmenta-
tions.

4. Conclusions

Two types of aminoketyl radicals are distinguished by their
structure, electronic properties, and reactivity. Proper aminoketyl
radicals have pyramidized C,—C(OH)—N geometries and carry most
of the spin density in the pivot carbon atom of the aminoketyl
group. Proper aminoketyl radicals correspond to transient inter-
mediates of dissociations of charge-reduced peptide ions in ECD
and ETD and exhibit low transition state energies for N—C, bond
dissociations. We identify improper aminoketyl radicals as species
that have C,—C(OH)—N groups that are conjugated to adjacent
Tr-electronic systems. This results in delocalization of spin den-
sity away from the pivot aminoketyl carbon atom, changes the
aminoketyl group geometry, and substantially elevates TS energies
for N—C, bond dissociations.
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